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Strongly size controlled silicon nanocrystals in silicon oxynitride matrix were prepared using plasma enhanced chemical vapor deposition following the superlattice approach. Doping was achieved by adding diluted phosphine as a precursor gas. Phosphorus quantification was done by secondary ion mass spectrometry. A model based on Poissonian distributions of interface defects and dopants is proposed to calculate the defects and the dopants per silicon nanocrystal as a function of phosphorus concentration. The model requires the comparison between the photoluminescence spectra from passivated and unpassivated samples. Finally, the doping efficiency of silicon nanocrystals embedded in silicon oxynitride is estimated to be >20%. The observation of visible light extracted from porous silicon 1,2 has triggered hopes and efforts for optoelectronic applications of silicon. Especially, the tunability of the Si bandgap by precisely controlling the size of Si nanocrystals (SiNCs) within the superlattice approach 3 is expected to increase the efficiency of third generation all silicon tandem solar cells. 4 Indeed, an all Si quantum dot based photovoltaic device has been recently demonstrated. 5 However, a number of issues especially regarding doping and transport are still in controversial debate. Physical doping of silicon nanostructures with phosphorus is thought to be unlikely because of the large impurity formation energy. 6, 7 Hence, the doping efficiency is expected to be very low as was already demonstrated for gas phase synthesized SiNC powders. 8, 9 Therefore, usually very high dopant concentrations are employed. 10, 11 Up to now, the main processes used for phosphorus (P) doping of SiNCs in a SiO 2 matrix are the co-sputtering technique [10] [11] [12] which normally results in a continuous doping of the whole layer, or ion implantation [13] [14] [15] resulting in a non-uniform dopant depth profile. However, a selected doping of ultra thin layers (either the barrier or the SiNCs containing active layer) during the deposition process is not possible with these methods.
In this work, we will concentrate on phosphorus (ntype) doping of size controlled SiNCs fabricated by PECVD using the superlattice approach. 3, 16 Phosphorus doping is realized by selectively adding diluted phosphine gas (PH 3 ) during the deposition process. With this technique, we can add dopants either to the nanocrystal precipation layer or to the matrix separation layer or both which allows for careful adjustment of the total dopant concentration.
The superlattices used in our experiments consisting of 30 bilayers (3.5 nm/4 nm) of silicon rich silicon oxynitride (SRON) with a composition of SiO 1 N 0.22 and stoichiometric SiO 2 were deposited on wet chemically cleaned n-type (100)-Si substrates. The films were grown using an Oxford Instruments "Plasmalab 100" PECVD system with a 13.56 MHz driven parallel plate reactor. SiH 4 diluted by high purity Ar (5% SiH 4 in Ar) and N 2 O were used as precursor gases. Further process details can be found in a recent paper. 16 For the phosphorus doping, part of the Ar flow was replaced by a mixture of 1% PH 3 in Ar. The flow rate of the diluted phosphine was chosen such that the PH 3 to SiH 4 flow ratios were either 0.1% or 0.5% for the SRON layers and 2.5% for the SiO 2 layers, respectively. Note that the addition of PH 3 was checked to have no significant influence on the growth rate. The higher ratio for the SiO 2 layer doping is due to a smaller needed SiH 4 flow compared to the SRON layers. Further deposition details are given in Table I . Subsequently, the samples were annealed for 1 h in N 2 ambient at 1100 C in a quartz tube furnace to form and crystallize the SiNCs within the SRON layers. Some samples were further subjected to an additional forming gas (5% H 2 in N 2 ) annealing (450 C, 1 h) to reduce the defect density. Photoluminescence (PL) was measured at room temperature with a LN 2 -cooled CCD camera attached to a single grating monochromator using a HeCd laser (325 nm line) as excitation source. Dynamic secondary ion mass spectrometry (SIMS) using 5 keV Cs þ ions was used to measure the P concentration using a calibrated quantification standard (P in thermal SiO 2 ). Time-of-flight SIMS (ToF-SIMS, 1 keV Cs þ ) depth profiles were measured to obtain the P distribution within the SRON/SiO 2 superlattice structure.
In Fig. 1 the ToF-SIMS profiles showing the Si 2 À and the SiP À signal of samples S2 (doped SRON layers) and S3 (doped SiO 2 layers) are presented. The superlattice structure is clearly visible in the depth profile by the oscillating waveform of the secondary ion signals. The SiNC layer (formed in the SRON) are indicated by the peaks of the periodical Si 2 À signal. It turns out that the SiP À signal is well in phase with the Si 2 À signal for both samples. This is particularly interesting, because in sample S2 the SRON was doped whereas in sample S3 the SiO 2 was doped instead. The results indicate a preferred P localization in the SRON layers during annealing. A similar result was previously reported for e-beam doped SiNCs. 17 The estimated atomic P percentages from dynamic SIMS are included in Table I . Our method allows to tune the P concentration from around 0.15 at. % to 1.75 at. % by making use of doping both the SRON layer and the SiO 2 barrier layer. Fig. 2 shows the PL spectra for all samples after crystallization and forming gas treatment. The PL intensity decreases as a function of doping and the peak maximum exhibits a clear blueshift of up to 70 meV. This trend can be explained by the interplay of defect passivation and P doping of SiNCs. It has been shown before that P can increase the SiNCs PL intensity at lower concentration, 10,18 whereas at higher P concentrations the PL is usually quenched. 14, 19 The PL increase was attributed to either matrix relaxation effects induced by P incorporation in the surrounding SiO 2 matrix, passivation of dangling bonds directly at the SiNC/SiO 2 interface, or the charge compensation of P donor electrons by dangling bonds. 20 On the other hand, the PL quenching was ascribed to non-radiative Auger recombination of doped or charged SiNCs. [21] [22] [23] The expected Auger recombination lifetimes are in the range of ns, whereas the exciton lifetime is in the ls range. Measured PL lifetimes for all samples are similar within the time resolution of our setup (1ls). In addition, temperature dependent PL data show no remarkable difference between undoped, passivated, or doped samples.
The size distribution of SiNCs within our samples is about 3.5 6 0.5 nm. 16 The larger a SiNC, the more efficiently it will be doped and thus will not contribute to the PL intensity as discussed above. Since the PL emission energy is increasing as the size of the SiNC is decreased, the net PL peak will shift to higher energies and the integrated PL intensity is expected to be reduced as observed in our samples, too. In addition, we observe an increase of high energy side of the PL spectrum for lower doping concentration that may be attributed to a predominant reduction of defects for smaller SiNCs. Note that a possible P induced size distribution change cannot be excluded completely at present. However, high resolution TEM imaging shows no SiNC size dependence on increasing P dopant concentration within the measurement accuracy as was observed elsewhere already. 11, 12 In the inset of Fig. 2 , a bright field TEM image of sample S4 (with the highest dopant concentration) is shown, demonstrating the conservation of the superlattice structure.
In Table I , we also show the forming gas passivation efficiency that is calculated by taking the PL intensity ratio of passivated and non-passivated samples I H /I. Clearly, the hydrogen passivation effect decreases as a function of doping, highlighting the fact that P does indeed affect the passivation. Along with an overall decreasing PL intensity, we can conclude that in our case, P is beneficial to Si dangling bond reduction and induces a non-H 2 -passivatable PL quenching effect that is preferably attributed to Auger recombination of P doped SiNCs.
In the low excitation regime, the PL intensity ratio I H /I is equal to the ratio of luminescent defect-free SiNCs in the sample before and after H 2 passivation. The probability of finding k defects at a SiNC is given by a Poissonian distribution
where n D is the average number of defects per SiNC. The ratio I H /I can then be expressed as the ratio of "no defect" probabilities (k ¼ 0). This leads to the following equation: 233115 (2012) where the quantity Dn D corresponds to the defect reduction per SiNC after H 2 passivation. In Fig. 3(a) , we plot Dn D as a function of P doping, and we can clearly see the reduction of H 2 -passivatable dangling bond defects as reported before. 24 If the amount of dangling bond defect is not affected by adding P, the PL ratio I H /I will remain constant. Similar to Eq. (1), the probability of finding k P atoms within a SiNC is described by a Poissonian distribution as well
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where n P ¼ V NC N Si is the number of dopants per SiNC. V NC is the volume of a single SiNC and N Si is a uniform dopant density. Assuming now that each dopant within a SiNC quenches its luminescence, we find the average number of dopants per SiNC in analogy to Eq. (2)
Here, I ref,H and I P,H are the PL intensities of the passivated, undoped reference sample and passivated, doped samples, respectively. The result is shown in Fig. 3(b) . As expected, the number of dopants increases by increasing the doping concentration. An average of one dopant per SiNC is reached at approximately 1 at. % P.
From the value of n P one can calculate the doping concentration N Si within the SiNC by dividing by the SiNC volume. Normalizing N Si to the dopant concentration measured by SIMS gives then an estimate for the doping efficiency that is shown in Fig. 3(c) . Initially, the doping efficiency is about 60% but drops significantly as the P concentration is increased. For even higher concentration, the doping efficiency recovers and reaches about 50%. We note that the doping efficiency is surprisingly high for all data points. In particular, the increase at high P concentrations is not intuitive. Furthermore, in Fig. 3(b) , we observe a superlinear increase of dopants per SiNC. This observation may indicate a second PL quenching effect that is caused by the saturation of P atoms which might influence the present data. On the one hand, theoretical work by a number of groups 6, 7 claim that it is energetically unfavorable for P atoms to reside within the SiNC due to the large impurity formation energy in SiNCs, but on the other hand, the diffusion and solubility of P in the SiO 2 matrix is significantly reduced with respect to silicon. Experimental studies have shown strong evidence previously that SiNCs can be doped with P if the SiNCs are prepared by a high temperature solid-phase crystallization as is the case in our SiNCs. 17, 19 We believe therefore that interface segregation kinetics will become more and more significant as the P content is increased. Moreover, we can speculate that at high P concentration, P atoms may either cluster at the interface or induce matrix defects that act as additional PL quenching centers.
Noting that the P defect compensation is beneficial for the reduction of interface defects and n-type doping is required for PV applications, the presented work represents an important step towards the realization of Si quantum dot based solar cells.
In conclusion, the P doping of size controlled SiNCs using PECVD was demonstrated by either doping the barrier layer or the SRON layer or both during the deposition. The dopant dependent blueshift and the clear decrease of the PL after hydrogen passivation is attributed to the preferential doping of larger sized SiNCs, effectively removing their PL contribution due to Auger recombination induced PL quenching. The optical sensitivity of SiNCs to single P atoms allows us to introduce comparative PL spectroscopy as a simple method to estimate the dopant concentration within the SiNCs which is a most difficult task by other techniques. Within this framework, the doping efficiency was estimated by combining quantitative SIMS with PL intensity data. Furthermore, the interface defect reduction is illustrated by means of a reduced hydrogen passivation efficiency for P doped samples.
